Abstract-Microscopic steps and crevices are inevitable features within prosthetic blood-contacting devices. This study aimed to elucidate the thrombogenicity of the associated microscopic flow features by studying the transport of fluorescent platelet-sized particles in a suspension of red blood cells (RBCs) flowing through a 100 lm:200 lm sudden expansion. Micro-flow visualization revealed a strong influence of hematocrit upon the path of RBCs and spatial concentration of particles. At all flow rates studied (Re = 8.3-41.7) and hematocrit 20% and lower, RBC streamlines were found to detach from the microchannel wall creating an RBC-depleted zone inside the step that was much larger than the cells themselves. However, the observed distribution of particles was relatively homogeneous. By contrast, the RBC streamlines of samples with hematocrit equal to or greater than 30% more closely followed the contour of the microchannel, yet exhibited enhanced concentration of particles within the corner. The corresponding size of the cell depletion layer was comparable with the size of the cells. This study implies that local platelet concentration in blood within the physiological range of hematocrit can be elevated within the flow separation region of a sudden expansion and implicates the role of RBCs in causing this effect.
INTRODUCTION
Thrombosis is a potentially fatal condition that leads to millions of severe disabilities, heart attack, and stroke. 33 It is also a common complication associated with mechanical circulatory support. 7, 17, 22, 39, 40 Flow features associated with thrombosis, such as boundary layer separation, recirculation, and stagnation can be found at geometric irregularities such as bifurcations, stenoses, and aneurysms. 4, 11, 25, 30, 34 In the context of design of blood-wetted devices, it is known that steps and crevices in the flow path serve as a nidus for thrombus development. 31 An illustrative example is the design of miniature blood pumps for small children (see Fig. 1 ). Internal crevices and steps are an inevitable consequence of the assembly of such a device from multiple parts. In practice, great effort is made to minimize these features by precision machining and polishing, however it is virtually impossible to eliminate them altogether. The challenge therefore is to determine the tolerable limits of these features by studying how they contribute to thrombus development.
The general process of thrombosis in blood-wetted devices includes platelet adhesion on artificial surfaces, which is dependent upon the transport of platelets from the bulk flow to the surface. 24, 35, 38 Over the past few years, several mathematical models were developed to predict platelet adhesion in complex flow. 12, 35, 37 The results were obtained by simulating convective-diffusion transport of various species associated with the coagulation cascade, such as thrombin and platelets. Most of these models were only applied to platelet-rich plasma, and the red blood cell (RBC) effects were omitted. However, RBCs have been observed to promote a near-wall excess of platelets in tube flow. 3, 15, 16, 21, 42 This phenomenon is also likely to occur in more complex flows under certain conditions. Previous experiments by Karino and Goldsmith who studied flow of suspended RBCs in microscopic concentric expansions (151 lm:504 lm) reported the existence of an RBC depletion zone in the corner region for Ht = 15-30%. 25 Subsequent studies by the same group observed enhanced platelet aggregation and adhesion at the channel expansions. 26, 27 These observations imply the impact of hematocrit on the platelet transport behavior, although these studies did not explicitly observe the distribution of platelet concentration in the flow field.
The relevance of RBC-enhanced platelet deposition is further illustrated by simulation studies in a sudden expansion reported by Sorensen et al. 36 and Jordan et al. 24 The influence of RBCs was modeled as a hematocrit-dependent platelet diffusivity. These simulations exhibited a positive dependence of deposition on hematocrit. However, these models were unable to accurately predict the axial distribution of platelet adhesion observed by Karino and Goldsmith. 26, 27 The authors surmised that this inconsistency may be due to the assumption of a uniform distribution of RBCs in the flow field. They suggested that the predictions could be improved by incorporating a model of RBC depletion and platelet margination as a function of shear rate and hematocrit. They further recommend future experiments to quantify the effect of the vortex on local cell concentrations.
The latter experimental and theoretical studies emphasize the importance of both the distribution of RBCs and their effects on platelet transport in a sudden expansion. This was the motivation for the current study: to investigate these phenomena through microflow visualization. Resuspended bovine RBCs (Ht = 5-60%) and platelet-sized particles were visualized while flowing through a microchannel containing a 100 lm:200 lm sudden expansion. The spatial distributions of both RBCs and platelet-sized particles with various hematocrits and shear rates explored the effect of localized RBC concentration and RBC streamlines on the spatial distribution of platelet-sized particles.
METHODS

Experimental Setup
A layout of the experimental setup is shown in Fig. 2 . A suspension of RBCs and small fluorescent particles (described below) was propelled by a syringe pump (KDS 100, KD Scientific Inc., Holliston, MA) at controlled flow rates (range: 6-30 mL h -1 ) through a polydimethylsiloxane (PDMS) microchannel with rectangular cross section, having a height of 100 lm (z-direction) and width (y-direction) containing a 100 lm:200 lm expansion. The length of the region of interest (x-direction) was 200 lm (see Fig. 3 ). The corresponding range of Reynolds number was from 8.3 to 41.7, based on a characteristic length of 100 lm. The samples were collected in a small reservoir which was vented to atmospheric pressure. The microchannel was visualized through an inverted microscope (IX70, Olympus Inc., Melville, NY) with a 20· objective (LCPlanFL, 20·, NA = 0.40, Olympus Inc., Melville, NY). Two types of illumination were employed. For visualization of the platelet-sized fluorescent particles, an Nd:YAG laser (Solo PIV I-15, New Wave Research, Inc, Fremont, CA) was used with fluorescent filter cube to block out the projection of RBCs. This enabled accurate quantification of the particle concentration field. A halogen backlight was employed for bright field visualization of both RBCs and fluorescent particles. This was used to record the trajectory of RBCs as well as observe the cell depletion layer. A CCD camera (PCO Sensicam QE double exposure, The Cooke Corp., Romulus, MI) attached to the side port of the microscope was synchronized to the laser to acquire a series of digital images (688 · 520 pixels) in the region of interest. The focal plane of the images was centered 5 lm from the bottom surface of microchannel. The depth of field was 6 lm (see Fig. 3 ).
Sample Preparation
Fresh bovine blood was collected by venopuncture of healthy calves and was immediately centrifuged at 1320g for 10 min. The plasma and buffy coat containing white blood cells and platelets were then removed, and the RBCs were washed three times in phosphate buffer solution (PBS) (Sigma-Aldrich Corp., St. Louis, MO). Bovine albumin (Sigma-Aldrich Corp., St. Louis, MO) was added at a concentration of 1% to stabilize cell morphology. Five levels of hematocrit, 5%, 20%, 30%, 40%, and 60% were obtained by resuspension of the RBCs in PBS.
Platelet-sized neutrally buoyant fluorescent particles (R0200, Duke Scientific Corporation, Palo Alto, CA) with a mean diameter of 2 lm and a light excitation peak of 542 nm and emission peak of 612 nm were added to the solution. The concentration of the particles was adjusted to approximately 2.5 · 10 8 mL -1 , which is within the physiological range of platelet concentration in bovine blood (1 · 10 8 -4 · 10 8 mL -1 ). The preparation was mixed for 30 min in a plastic centrifuge tube on a rocker plate prior to start of experiments.
Image Processing
Laser-illuminated images were post-processed with a user-designed Matlab program (Mathworks, Natick, MA). The procedure is similar to the one previously reported by the authors. 42 Briefly, the images were cropped to isolate the region of the microchannel sudden expansion (from x = -50 lm to x = 150 lm, see Fig. 4a ). Subsequent processing entailed background homogenization to equilibrate uneven illumination and contrast-enhancement by histogram stretching. The minimal and maximal intensity values in this process were carefully selected according to the original intensity histogram. The particles in the image were identified by thresholding followed by erosion to eliminate spurious noise (see Fig. 4b ). Particles were counted by a custom-written Matlab program described previously 42 and averaged over 100 images. The intensity threshold was adjusted to minimize the error between the automatically generated concentration and the manually counted concentration in several representative images. The locations of fluorescent particles in the binary images were recorded.
Data Analysis
To obtain a 2-D concentration profile, images were partitioned into square grids of 20 lm · 20 lm (Fig. 4b) , 8 lm · 8 lm or 4 lm · 4 lm (not shown). The concentration profile normalized by the bulk concentration (relative concentration) was calculated as
where N p (x, y) is the number of particles within the grid element centered at position (x, y) in the current experimental coordinate system-indicated in Fig. 4b .
A(x, y) denotes the area within the grid element occupied by blood. For grid elements straddling the boundary, the proportional area within the flow region was computed using a binary mask with the contour of the microchannel. d is the depth of field (= 6 lm), shown previously in Fig. 3 . C B is the bulk concentration of particles (count/unit volume).
To illustrate the variation of relative concentration within a particular image, the concentration elevation (CE) was defined as:
where " C r is the average relative concentration over the entire cropped image. Student's t-test was used to determine differences in concentration in the experiments. A value of p < 0.05 was assumed to indicate statistical significance.
The localized RBC concentration and cell-depleted zone were observed using bright field imaging at 20· and 100· magnification. The RBC concentration profile was estimated by assuming an inverse relationship with transmitted light intensity, and denoted as RBC relative light attenuation (RLA). The brightest pixel in the field (RLA = 0) of view was assumed as zero hematocrit and the darkest pixel (RLA = 100%) was associated with the bulk hematocrit. These quantitative data were averaged over 20 images.
RESULTS
Particle Concentration Profile
Figures 5a and 5c show representative images of platelet-sized particle distribution in samples with 20% and 40% hematocrit (Ht) respectively at a flow rate of 15 mL h -1 . A locally concentrated area of plate-sized particles was clearly observed at the corner of the expansion in the sample with 40% Ht (see Fig. 5c ). The particles were found to distribute more evenly in the sample with 20% Ht, however, without a perceptible concentrated region (see Fig. 5a ). Computerprocessed concentration profiles are shown in Figs. 5b and 5d, based on a grid size of 4 lm · 4 lm. Both samples show an average relative concentration of approximately 3.1 within the experimental focusing plane. The relative concentration increased to nearly 10.0 in the corner for the sample with higher Ht. This concentration peak was not found in the sample with lower Ht. Figure 6 shows the concentration elevation (CE) in the four sub-regions (50 lm · 50 lm) depicted in Fig. 3 for different hematocrits. The particle CE in Region A (expansion) ranged between -27% and 36%, inversely dependent on hematocrit. The concentration in Region B (corner) was, however, directly related to hematocrit and ranged from -16% to 50%. The most dramatic elevation of particle concentration was found in the corner region for samples with Ht ‡ 30%. , Fig. 3 ). The concentration elevation within the 20 lm layer adjacent to the lateral wall (near-wall CE) is provided in Fig. 7a for samples with 20% and 40% Ht at the flow rate of 15 mL h -1 . While the Ht 20% sample showed a relatively low CE, which was nearly constant along the length of the wall, a strong axial concentration gradient was found for the Ht 40% sample. At x = 0, the concentration was 121% higher than the average. The peak CE (approximately 170%) was observed at x = 20 lm, where after the concentration declined smoothly downstream, back to baseline at approximately x = 120 lm. The same phenomenon was observed for all three flow rates studied (Fig. 7b) ; however, the maximum concentration decreased slightly with increasing flow rate. Figures 7c and 7d show the concentration elevation profile along the centerline of the channel using the same scale as Fig. 7a . Overall, the axial concentration gradient was much lower than near the wall; however, decreased gradually from 6% to -14% for the 20% Ht sample and from -10% to -55% for the 40% Ht sample at 15 mL h -1 (see Fig. 7c ). The concentration gradient increased with increasing Ht. The same phenomenon was also found at higher and lower flow rates (30 mL h -1 and 6 mL h -1 , respectively) (see Fig. 7d ).
Axial Dependence of Particle Concentration Elevation
Lateral Dependence of Particle Concentration Elevation
Figures 8a and 8b show the lateral profile of particle CE at four different axial positions (x = -20, 40, 80, 140 lm). The concentration gradient in the lateral direction was found to be more pronounced for the Ht 40% sample at all axial positions (Fig. 8b) . There was negligible margination observed in the 20% sample (Fig. 8a) . The 40% Ht sample, exhibited a moderate degree of near-wall excess of particles in the throat of Ht=5%, Q=15 ml h-1 Ht=20%, Q=15 ml h-1 Ht=30%, Q=15 ml h-1 Ht=40%, Q=15 ml h-1 Ht=60%, Q=15 ml h-1 p<0.05 . Error bars indicate the 95% confidence interval, n = 100-300. Particle CE for 30% Ht sample is much greater than the one for 20% Ht sample in the corner region (p < 0.05). the channel (x = -20 lm, CE = 67% vs. -25% at the centerline). The greatest margination (CE = 132%) was found 20 lm downstream of the sudden expansion near the wall. At 140 lm downstream there was negligible lateral variation in particle concentration (see Fig. 8b ).
RBC Streamlines and Cell Depletion Zones
Bright field images revealed a clear depletion zone observed in the 20% Ht samples, demarcated by a distinct streamline boundary that originates at the corner and reattached downstream (see Figs. 9a, b) . Within this zone, cells were observed to recirculate; and outside the zone, cells were confluent with the central jet. The increase in hematocrit caused the streamlines to better conform to the boundary, hence decreasing the size of the cell-depletion zone (see Fig. 9c ). The cell-depletion layer was not perceptible at 20· magnification but was observed in the images at 100· magnification (see Fig. 10 ). The size of this layer was found to be on the scale of several cells.
The approximate lengths of cell depletion zone (normalized to the step width H) for both 20% and 5% Ht samples are plotted in Fig. 11 for various flow rates. The results were compared to previous experimental observation of separation bubble length in single-phase fluids, 6, 13 particulate suspensions, 32 and . Size of RBC free layer increases with flow rate. RBC streamlines detached from the wall at lower Ht and remained conformal at higher Ht (n = 300).
diluted RBC suspensions. 25 The current result for 5% Ht sample agreed well with the previous experimental observation of Karino and Goldsmith 25 in diluted RBC suspensions but exceeded the length observed in single phase fluids. 6, 13 The 5% Ht sample consistently exhibited a larger cell depletion zone than the Ht 20% sample. This is contradictory with the recent experimental observation of particulate suspensions performed at very low Reynolds numbers (0.01-2.5). 32 
Concentration Profile of RBCs and Particles in the Corner
The lateral concentration profile of platelet-sized particles 20 lm downstream of the sudden expansion are plotted in Fig. 12 for both 20% Ht and 40% Ht samples at a flow rate of 15 mL h -1 . The RBC concentration as derived from relative light attenuation (RLA) is also illustrated for comparison. For the 20% Ht sample, a large reduction of RBC concentration was observed within an approximately 25 lm wide region adjacent to the wall, indicated by a 60% depression in RLA. However, the particle concentration was evenly distributed. For the 40% Ht sample, there was no perceptible change of RBC light attenuation, implying a constant RBC concentration, but the particle concentration was locally elevated in the corner region. . RBC free layer is not visible at 20· but is observed at 100· and reveals effect of flow rate. 
DISCUSSION
Computational fluid dynamic analyses are being increasingly adopted for analyzing the hemodynamic conditions within blood-wetted medical devices such as prosthetic heart valves, 5, 14, 18, 19, 41 blood pumps, [8] [9] [10] and vascular stents. 28, 29 However, the interpretation of these simulation results in terms of thrombogenicity is not trivial. It is known experimentally that thrombosis in blood-wetted medical devices often occurs in complex flow regions featuring flow separation, recirculation, and stagnation. This has motivated development of numerical models to simulate the fluid dynamic processes governing transport and deposition of platelets to prosthetic surfaces. 12, 24, 35 Unfortunately, these models do not consistently predict the platelet deposition rate observed experimentally. A likely explanation is that these models do not account for the enhancement of platelet transport toward the solid boundary caused by dynamic interactions with RBCs. This study was therefore undertaken to explore this hypothesis, inspired by the well-known observations of near-wall depletion of RBCs 20 and platelet excess 16 in small blood vessels.
A recent study confirmed the existence of a platelet margination in straight micro-channels under highshear conditions found in prosthetic devices. 42 Unlike the flow paths within biological blood vessels which are relatively smooth, prosthetic devices often possess surface irregularities, such as steps and crevices, which may further disturb the flow. The current experiments aimed to elucidate the effect of one such disturbance, a 50 lm backwards-facing micro-step, upon the transport of platelets-sized particles in blood.
The current observations demonstrated the existence of cellular inhomogeneity in the expansion region of the step which was dependent on shear rate and hematocrit (from Ht = 5% to 60%). This result is consistent with the experimental results of Karino and Goldsmith who observed a red-cell-depletion layer within the downstream corner of a 151 lm:504 lm circular expansion (Ht = 20%). 25 Although this group also observed enhanced platelet aggregation and adhesion at the channel expansions, 26,27 they did not explicitly observe the spatial distribution of platelets.
The current experiments revealed a strong influence of the red cell phase on the spatial distribution of platelet-sized particles. For example, the concentration of platelet-size particles was found to be locally elevated at the corner for hematocrit greater than 30% but essentially equal to baseline for the samples with lower hematocrit. Conversely, the 5% Ht sample exhibited an elevation of platelet concentration near the core of the flow field. This supports earlier experimental observations by Karino and Goldsmith 27 who likewise found a positive dependence of platelet deposition on hematocrit. Figure 6 suggests a critical value of hematocrit at which particles begin to accumulate in the corner. This value was 30% in the current experiments, but is likely dependent on other factors, such as shear stress, Reynolds number, size of the step, rigidity of RBCs, concentration, and shape of particles.
The flow rate had much less influence on the platelet concentration distribution compared to hematocrit. An increase of flow by 500% (6-30 mL h -1 , corresponding to wall shear rate of approximately 5938-29692 s -1 within the throat of the channel, based on closed-form solution) caused a 20% increase in concentration in the 20% Ht sample as compared to 20% decrease in the 40% Ht sample (Fig. 7b) .
A commensurate dependence of the size of the RBC depletion zone on hematocrit was observed. Flow separation at the corner of the step was clearly observed in the lower Ht samples (Ht £ 20%) but was virtually indistinguishable (at 20· magnification) for the case of Ht = 40%. However, RBC depletion did not necessarily imply platelet excess. This was true for the Ht = 40% case, but the platelets of 20% Ht sample were uniformly distributed in spite of the large RBC-depleted zone (see Fig. 12 ). This would suggest that the phenomenon of platelet exclusion is dependent either on the size of the depletion zone (with respect to the size of an RBC) or the concentration of RBCs in the core flow. The former hypothesis implies that the effectiveness of RBCs to exclude platelets has a limited spatial range. In the latter case, it implies that RBCs work collaboratively to exclude platelets. In other words, exclusion may be dependent on RBC-platelet distance and/or the RBC-RBC distance. Additional experimentation, and numerical simulation, would be valuable to further elucidate these mechanisms.
The normalized length of the cell-depletion bubble (L/H) was compared to previous experimental observation of separation bubble size in single phase fluids, 6 ,13 particulate suspensions, 32 and diluted RBC suspensions 25 ( Fig. 11) . The current result for Ht 5% sample agreed well with the previous experimental observation of Karino and Goldsmith 25 with diluted RBC suspensions. However, previously reported experimental data for bubble length in a single-phase fluid was smaller than the observed length in dilute RBC suspensions. This may be due to the difference in geometry, specifically the aspect ratio of the experimental channels used in these single-phase experiments. However, recent study by Moraczewski et al., 32 performed at very low Reynolds numbers (0.01-2.5), observed the separation length to decrease with decreasing particle concentration whereas the present study demonstrated an inverse relationship between Ht and length of the depletion zone. It should be pointed out that the former study revealed a very strong dependence on the concentration of suspended particles (e.g., 0.48 vs. 0.50). Furthermore, the relative size of particles was much greater than the current study, increasing the Stokes number and therefore the slip velocity. It may be inferred that other factors, such as particle deformability, density, and shape may also affect the size of the depletion zone, and hence would be a worthwhile topic for future studies.
Two mechanisms have previously been hypothesized to explain the influence of RBCs on the lateral transport of platelets. One is exclusion, whereby RBCs migrating to the centerline of the tube force platelets outwards, toward the wall 15, 21, 24 ; another is shear-induced mixing, whereby rotation of RBCs increase the regional diffusivity of platelets in their vicinity, thereby creating a convection gradient. 1, 2 In the current study, it was not possible to clearly observe RBC rotation, however, the results clearly demonstrate that the accumulation of platelets in the recirculation zone of the step requires the presence of RBCs. This is a necessary condition but not a sufficient condition inasmuch as the 20% Ht sample did not cause any platelet excess in the corner. Although the current experiments were not able to explicitly track the path lines of cells or particles, there was evidence that the origin of the excess particles found in the corner may be traced to the upstream boundary layer. Indeed, the microscopic images revealed a near-wall particle excess prior to the expansion (see Fig. 13 ). The associated stream tube is contiguous with the corner region. Therefore rheological factors that influence the upstream boundary layer would also affect the concentration of particles in the corner region.
Previous numerical simulations of platelet deposition in sudden expansion have attempted to account for the presence of RBCs through the inclusion of a hematocrit-dependent diffusivity. 23, 24, 36 Although it is difficult to compare the current results quantitatively with these simulations inasmuch as they report surface deposition density (platelet count/area) rather than platelet concentration. Nevertheless, it is reasonable to assume that deposition density is proportional to deposition rate, which in turn is proportional to concentration, whereby relative comparisons can be made. The current experiments indicate an elevation of concentration (CE) of approximately 200% (for 40% Ht), and 50% (for 20% Ht). These ratios may be compared to the upstream vs. downstream deposition density measured by Karino and Goldsmith to be approximately 50% and computed by Jordan et al. to be approximately 200% irrespective of Ht. This may help explain the error encountered in these numerical models, but does not necessarily imply a solution.
These micro-flow visualization experiments entailed various assumptions and sources of error that could influence the results and associated conclusions. The high density and opacity of RBCs created challenges for visualizing the platelet-sized particles. The intensity of the particles was affected by both obstruction by RBCs and the depth with respect to the focal plane. This could have affected the automated counting of particles. This error was mitigated by comparing manual and automatically generated particle counts in five randomly selected images and iteratively adjusting image processing parameters to reduce error below 10%. Since manual counting is a subjective measure, it may itself have introduced a source of systematic error. The count may also be affected by overlapped particles or hidden particles. The image processing program is incapable of identifying two or more overlapping particles. A more sophisticated automatic counting method is being sought and will be used in the future to eliminate this error. The opacity of RBCs in the solution also limited the depth at which particles could be visualized, as indicated in Fig. 3 . Consequently, the observations reported here are likely affected by the boundary layer beneath the coverslip, and may not be representative of the particle distribution at the centerline of the channel, where margination is likely to be more pronounced. This limitation could be addressed in a future study by using RBC ghost cells.
The shape of the platelet-sized particles could also have been a factor. If indeed lift and drag are responsible for relative motion of platelets, the use of flat particles to replace the currently used spherical particles would be advisable. An alternate choice to be considered in future experiments will be fluorescently labeled platelets.
Finally, the choice of sub-region size of the image processing, 20 lm · 20 lm, was selected to achieve a compromise between precision of particle count and ). The near wall elevation of platelet-sized particles was found to be higher in the 40% Ht sample compared to the 20% Ht sample. spatial resolution. However, this relatively large resolution as compared to the 2 lm size of a particle may have prevented observation of fine detail of the nearwall concentration profile.
In spite of the experimental limitations, these results accentuate the importance of explicitly distinguishing the platelet phase from the red cell phase of blood in a microscopic sudden expansion. This observation suggests that a multi-phase constitutive model is needed to accurately simulate platelet transport, and hence predict thrombosis in microscopic steps and crevices.
